Background
Defense-in-depth, containment and emergency planning are all part of the safety strategy to assure the protection of the public in the determination of the siting source term. The Reactor Cavity Cooling System (RCCS) is a system which is important to the passive safety case being incorporated in this overall safety strategy. The RCCS will be one of the new safety systems specifically designed for the next generation of nuclear power plants being developed under the auspices of the DOE GENIV program. In particular, it is being developed and being incorporated into the proposed reactor and plant designs for the Very High Temperature Reactor (VHTR). The VHTR is a helium gas-cooled nuclear plant with a thermal-spectrum reactor. The RCCS forms a passive heat sink external to the reactor, and is located within the reactor cavity/silo surrounding the metal vessel. During emergency accident conditions when all a/c power is lost, natural convection of the RCCS coolant removes the heat radiated or naturally convected from the metal vessel wall to the inner boundary of the RCCS facing the vessel. This will be a First-of-A-Kind (FOAK) passive safety system for core decay heat removal when the FOAK VHTR is built.
But, it should be noted that the RCCS had a predecessor in the Reactor Vessel Auxiliary Cooling System (RVACS) developed by the Advanced Liquid Metal Reactor (ALMR) program. This was a passive safety system which provided for the removal of core decay heat in an emergency mode through the cooling of the reactor vessel wall by the natural convection of air. The air-cooled version of the RCCS for the VHTR is very similar to the RVACS that has been proposed for the General Electric PRISM ALMR design. The design and safety analysis of the RVACS are based on extensive analytical and experimental work performed at ANL. The Natural Convection Shutdown Heat Removal Test Facility (NSTF) at ANL was built to provide a full scale simulation of the air-side of the PRISM RVACS system, and to provide experimental support for the design and analysis of this system. In FY05, work was performed to demonstrate that the NSTF facility can be used to generate experimental data to validate CFD and systems codes for the analysis of an air-cooled RCCS for the VHTR and to support the design and safety analysis of this RCCS type [1] [2] [3] . More specifically, the objectives were to: (a) develop the scaling relations to be used in modifying the existing NSTF facility into a scaled model of the VHTR air-cooled RCCS; and (b) provide a summary of the NSTF modifications needed to conduct scaled simulations of the RCCS. The main conclusion of the FY05 study was that these air-cooling NSTF simulations will generate experimental data suitable for code validation and RCCS design validation and optimization.
However, there exists another design option for the VHTR RCCS and this is one which utilizes water-cooling in place of air cooling. In FY06, the objective for the effort is to perform a NSTF feasibility study similar to that conducted in FY05 but to focus on the water-cooled RCCS instead of the air-cooled RCCS. Although a specific design has not yet been selected for the VHTR, the PBMR water-based RCCS is used as a planning basis for the purposes of this study. This design is mature enough to allow the development of an appropriately scaled experimental facility. In FY05, the air-cooled RCCS of the GT MHR was used as the planning basis. Figure 1 taken from [4] shows a possible design for the water-cooled RCCS of PBMR. The RCCS standpipe array is shown. These surround the reactor pressure vessel (RPV). The vessel with the surrounding RCCS standpipe array is then centered in the reactor cavity/silo/citadel which is poured in concrete. Figure 2 shows an axial elevation while Fig. 3 shows a potential configuration for he cross-section of the RCCS standpipes. The water cooled RCCS standpipes consists of ~60 oval tubes. Each oval tube is made of structural steel with a cross-section of ~0.25 m x ~1.0 m. The major heat transfer section is ~20 m in height but there is ~40 m to the top of the water storage tanks. These water storage tanks provide the boil-down passive heat inventory during the emergency decay heat removal mode. Upon total loss of a/c power, natural convection water flow starts. The water in the tanks is at ~30°C. It enters the manifolds from the tanks, where upon it distributes to the downcomers inside the oval tubes. It then flows up through the RCCS tubes and returns to the tanks. Under normal operation, forced convection heat exchangers provide cooled water to the tanks. Evaporation occurs if tank cooling is lost.
To reiterate, the objectives of the FY06 work are to demonstrate that the NSTF facility can be used to generate experimental data to validate CFD and systems codes for the analysis of the water-cooled RCCS for the VHTR, and to support the design and safety analysis of this type of RCCS. More specifically, the objectives are to: (a) develop the scaling relations to be used in modifying the existing NSTF facility into a scaled model of the VHTR water-cooled RCCS; and (b) provide a summary of the NSTF modifications needed to conduct scaled simulations of the RCCS. These simulations will generate experimental data for code validation and RCCS design validation and optimization. In summary, a scaling analysis of a water-cooled RCCS system was performed based on generic information on the RCCS design of PBMR. The analysis demonstrates that the water-cooled RCCS can be simulated at the ANL NSTF facility at a prototypic scale in the lateral direction and about half scale in the vertical direction. Because, by necessity, the scaling is based on a number of approximations, and because no analytical information is available on the performance of a reference water-cooled RCCS, the scaling analysis presented here needs to be "validated" by analysis of the steady state and transient performance of a reference water-cooled RCCS design. The analysis of the RCCS performance by CFD and system codes presents a number of challenges including: strong 3-D effects in the cavity and the RCCS tubes; simulation of turbulence in flows characterized by natural circulation, high Rayleigh numbers and low Reynolds numbers; validity of heat transfer correlations for system codes for heat transfer in the cavity and the annulus of the RCCS tubes; the potential of nucleate boiling in the tubes; water flashing in the upper section of the RCCS return line (during limiting transient); and twophase flow phenomena in the water tanks. The limited simulation of heat transfer in cavities presented in Section 4.0, strongly underscores the need of experimental work to validate CFD codes, and heat transfer correlations for system codes, and to support the analysis and design of the RCCS.
Based on the conclusions of the scaling analysis, a schematic that illustrates key attributes of the experiment system is shown in Fig. 4 . This system contains the same physical elements as the PBMR RCCS, plus additional equipment to facilitate data gathering to support code validation. In particular, the prototype consists of a series of oval standpipes surrounding the reactor vessel to provide cooling of the reactor cavity during both normal and off-normal operating conditions. The standpipes are headered (in groups of four in the prototype) to water supply (header) tanks that are situated well above the reactor vessel to facilitate natural convection cooling during a loss of forced flow event. During normal operations, the water is pumped from a heat sink located outside the containment to the headered inlets to the standpipes. The water is then delivered to each standpipe through a centrally located downcomer that passes the coolant to the bottom of each pipe. The water then turns 180˚ and rises up through the annular gap while extracting heat from the reactor cavity due to a combination of natural convection and radiation across the gap between the reactor vessel and standpipes. The water exits the standpipes at the top where it is headered (again in groups of four) into a return line that passes the coolant to the top of the header tank. Coolant is drawn from each tank through a fitting located near the top of the tank where it flows to the heat rejection system located outside the containment. This completes the flow circuit for normal operations.
During off-normal conditions, forced convection water cooling in the RCCS is presumed to be lost, as well as the ultimate heat sink outside the containment. In this case, water is passively drawn from an open line located at the bottom of the header tank. This line is orificed so that flow bypass during normal operations is small, yet the line is large enough to provide adequate flow during passive operations to remove decay heat while maintaining acceptable fuel temperatures. In the passive operating mode, water flows by natural convection from the bottom of the supply tank to the standpipes, and returns through the normal pathway to the top of the tanks. After the water reaches saturation and boiling commences, steam will pass through the top of the tanks and be vented to atmosphere. In the experiment system shown in Fig. 4 , a steam condensation and collection system is included to quantify the boiling rate, thereby providing additional validation data. This system does not exist in the prototype. The first part of the report presents the non-dimensional conservation equations describing the response of the water-based RCCS during steady-state and transient operations. These equations are used to develop similarity relationships that define a scaling of the NSTF that minimizes distortions between scaled experiments and protoype operation. Then, some limited simulations of heat transfer in cavities are presented that strongly underscore the need of experimental work to validate CFD codes, and heat transfer correlations for system codes, and to support the analysis and design of the RCCS. Finally, a summary is provided of the NSTF modifications needed to conduct scaled simulations of the RCCS.
Non-dimensional Conservation Equations
In this section, simplified one-dimensional conservation equations for mass, energy and momentum are presented for the RCCS loop, and these equation are properly nondimensionalized to determine the non-dimensional groups that govern the similarity between the prototype RCCS and scaled models of the prototype. For the reactor cavity, the assumption is made that the arrangement of the RCCS tubes in the cavity is such that the cavity can be approximated by a simple two-dimensional rectangular cavity with vertical hot and cold walls. For the derivation of scaling ratios, the cavity is represented as a radiating wall (reactor vessel) and a convective boundary condition on the outer surface of the RCCS tubes.
Steady State
The integral momentum equation in the water side of the RCCS can be written
The integral on the left side of Eq. (1) is the gravitational head of the cold leg in the heated section, and the integral on the right side is the gravitational head of the hot leg in the same section. The frictional pressure drop in the i th section is 2 , 1 2
The form pressure losses in the i th section of the loop are 2 , 1 2
where i K is the pressure loss coefficient in the i th section.
In the sections where the density varies with the temperature, the Boussinesq approximation gives
where
The conservation equations describing the RCCS system are non-dimensionalized using non-dimensional variables as summarized in 
Using a characteristic velocity r U and a characteristic length r L , and noting that the Richardson number Ri is ( )
then division of Eq. (7) 
The continuity equation at the i th section of the loop can be written as 
The energy equation for the fluid in the inner pipe is ( )
and
is the modified Stanton number for the inner tube.
The energy equation for the fluid in the annulus between the RCCS tubes is
where h IO is the heat transfer coefficient on the outer surface of the inner tube.
The above equation can be reduced into a non-dimensional equation as
Where e St and St α are the modified Stanton numbers for the outer and inner walls of the annulus, respectively, and are given by
In a rectangular two-dimensional cavity with one vertical wall heated, the other vertical wall cooled, and the two horizontal walls insulated, the conservation equations for mass, momentum and energy can be written as:
ρ = density at the reference temperature T and the Boussinesq approximation for the temperature dependence of density has been used in the buoyancy term of Eq. (19).
Pr
where ( ) 
Transient
In the event that the RCCS has to operate in the natural circulation mode (loss of pumping and loss of water cooling in the RCCS tanks), the system will operate in single phase for a significant length of time. Finally, as the water in the system heats up steam flashing is expected to develop in the upper section of the return lines of the system. In this section, analyses are presented for system operation in single-phase as well as for operation after initiation of flashing.
Operation in Single-Phase Flow
The integrated momentum equation in the i th section, where the flow is incompressible, is
With the Boussinesq approximation in the gravitational term, the above equation gives
For a non-dimensional time τ defined as 
From the non-dimensional continuity equation
the integral momentum equation in the i th section becomes
Summation of the above integral momentum equation over all the sections of the loop where the fluid is incompressible (liquid water), and accounting of the other pressure losses (expansions, contractions, bends) gives the overall integral momentum equation as 0 0
The energy equation for the fluid in the inner pipe is ( ) 
The non-dimensional form of this equation is ( ) 
where h IO is the heat transfer coefficient on the outer surface of the inner tube. 
The energy equation for the solid structure in the i th section is 
Equation (37) gives ( ) 
For the inner and outer pipes of the RCCS, Eq. (40) is written, respectively, as 
The boundary conditions between the solid and fluid in the pipes of the RCCS are 
Where r R δ = (non-dimensional radius).
Taking into consideration the radiative heat transfer from the reactor vessel to the outer wall of the outer pipe, the boundary condition at the outer surface of the outer pipe can be written as 
Where , k c A A and r A are equivalent areas, and T se,o is the temperature of the outer surface of the outer tube.
Before steam flashing is initiated in the RCCS return line, the water in the RCCS tanks is heated up as it mixes with the hot water of the return lines. Taking into consideration that during single-phase operation the tanks do not loose water, the RCCS transient is slow (the system is in a quasi-steady state), and assuming instantaneous mixing, the energy equation for the water in the tanks can be written as
where in T is the water temperature at the exit of the RCCS heated section. The nondimensional form of this equation is
After flashing is initiated, it is assumed that the steam vents to the atmosphere, the system looses water, and the temperature of the water in the tanks remains constant. Then the conservation of mass equation in the tank is of the form
For w w t H h H = , where t H is the water height in the tank at steady state conditions, the non-dimensional form of the above equation is
Two-phase Flow Section
During a long shutdown transient where decay heat is removed by the RCCS, failure of the tank water cooling system will eventually lead to water boiling and water loss in the RCCS. During this phase of the transient, the description of the system behavior requires the following additional equations.
The acceleration pressure drop due to density change is [5] 
where .
m x
ρ is given by
Substitution of Eq. (52) into Eq. (51) gives
Other pressure losses (expansions, contractions, bends, exit, etc.), p Δ , can be computed
The frictional pressure drop f p Δ can be obtained from [5] 0.25 2
In Eqs. (54) and (55), x can be approximately set equal to 0.50 x x .
The gravitational head
The total non-dimensional pressure drop in the two-phase flow section is
The non-dimensional gravitational head is 
The non-dimensional quantity
is the Froude number, and the non-dimensional gravitational head is written as
After initiation of boiling, the integral momentum equation becomes 0 0
In the two-phase flow region, conservation of mass can be expressed by the mixture continuity equation 
and the continuity equation for vapor
The mixture (water-vapor) enthalpy ( )
In the above equations, the assumptions have been made that: (a) the phase change takes place above the heated section and is due to the pressure drop as the fluid approaches the tank, and (b) heat losses in the piping are not significant.
The vapor drift velocity gj V is defined by 
It has been shown [7] that for water flashing at atmospheric pressure the GE-Ramp and the Dixon correlations for the drift velocity fit best the experimental predictions. These correlations are [8] :
and, R = 2.9 for α ≤ 0.65 R = 2.9 (1-Δα)/0.35 for α>0.65
The non-dimensional forms of Eqs. (62), (63) and (64) are
Similarity Relations
In this section, the non dimensional groups derived in the previous sections are used to determine approximate similarity relations between the prototype and its simulation at NSTF.
Single Phase
The heat, ( ) Q t , transferred from the reactor vessel to the RCCS at time t can be roughly approximated by 
where ( ) Q t has been written as
Equation (76) 
which are here denoted as the "cavity convective number", , Nc the "cavity radiation" number, ,
Nr and the "temperature ratio" number, , Nt respectively.
For the scaled NSTF model of the RCCS to be similar to the prototype RCCS, the ratio of the value of a similarity group at NSTF conditions to the value of the same group at prototype conditions must be equal to one. In the analysis that follows, the subscript R denotes the ratio of the value of a parameter in the model to the value of the same parameter in the prototype. Thus
At NSTF the same materials will be used as in the prototype. Therefore, ψ R = 1.0 for any material property ψ (strictly at the same temperature).
After the geometric similarity condition is decided, the similarity condition for the friction number 2 2 1.0
can be easily satisfied by using appropriate orifices.
Taking the heated section as the reference section, at steady state conditions, the temperature rise, o T Δ , along the heated section is 
and the Richardson number ratio becomes
Use of Eq. (83) gives
From the geometric similarity (same in all directions) 
The similarity requirement imposed by the Stanton number is
where R h is the ratio o f the heat transfer coefficient. The similarity conditions for the mass and energy equations in the tank require
which are geometric similarity condition and are automatically satisfied.
From the above analysis it is clear that all similarity conditions cannot be satisfied. At this time no specific information is available on the prototype water-cooled RCCS. When this information becomes available, some analyses with the prototype and the model will provide information on the magnitude of distortions imposed by the similarity conditions that are not satisfied.
Two-Phase Flow
At this time no detailed design information and no analysis is available for a reference water-cooled RCCS design. For the purposes of this work, it is assumed that: (a) during the transient time that credit is taken for passive heat removal by the RCCS, boiling in the stand-pipes is not significant, and (b) the two-phase flow in the pipes above the RCCS heated section is due to flashing.
In the two-phase flow section, the non-dimensional groups are [9] :
Froude number:
Friction number:
Orifice number: The RCCS pipes vent steam into the water tanks, and from there the steam is vented to the atmosphere. Depending on the design of this venting system, some water from the tanks may be carried out with the steam. Because no design information is available for the venting system, its scaling will not be considered here. 
Simulation of Heat Transfer in Cavities
In the RCCS, heat is transferred from the reactor vessel to the RCCS tubes by radiation and natural convection. Depending on the arrangement of the tubes inside the cavity, the heat transferred by convection can be a significant fraction of the total heat transfer. From available generic information on the water-cooled RCCS system of PBMR, it seems that in such a system convection is very significant.
There is a significant body of experimental work in the literature on natural convection in cavities. In CFD codes, the heat transfer from walls to a fluid is computed directly using the molecular conductivity of the fluid and the turbulent conductivity computed from the turbulent viscosity predicted by a turbulence model, typically a RANS (Reynolds Averaged Navier Stokes) model.
By necessity, the scaling presented in this report is based on a number of approximations, and because no analytical information is available on the performance of a reference water-cooled RCCS, the scaling analysis presented here needs to be "validated" by analysis of the steady state and transient performance of a reference watercooled RCCS design. This analysis will be based on RCCS simulations with CFD and system codes and the use of available experimental data. The work presented in this section is a first step towards such a "validation". More specifically, its objective is to initiate an assessment of the ability of RANS models to predict with adequate accuracy the heat transfer by natural convection in cavity geometries that are of interest in reactor cavity cooling systems, and in cavity configurations where natural convection is a significant mode of heat transfer.
In RCCS systems, the aspect ratio of the cavity (H/W= height/width) is large, greater than ten, and the Rayleigh (Ra) number is also large. In this work, the experiments of MacGregor and Emery [10] have been analyzed. In these experiments measurements of net heat transfer were performed in a rectangular cavity for Pr numbers of 1 to 20,000, aspect ratios H/W = 10, 20, and 40, and Ra values of: 10 4 < Ra < 10 12 . The measurements were performed using as fluid: glycerin, castor oil, water and ethyl alcohol. For large Ra numbers, where the flow is turbulent, MacGregor and Emery derived from their experimental measurements the correlation Nu = 0.046Ra 1/3 , 10 6 < Ra
In the CFD simulations, water was used as the fluid. For the results presented here an aspect ratio of 10 was used, and the Ra number was varied from 10 11 to 10 12 (the upper range of the experimental data). Computations were performed considering the flow as laminar as well as turbulent. The same computational grid was used for the laminar and the turbulent simulations. The grid was fine enough to resolve the boundary layer (200,000 computational cells). For the simulation of turbulence a number of models were used that resolve the boundary layer (no approximation with the law of the wall). These include the standard low Re number k-ε model [11] , Suga's low Re number k-ε model [12] , and the V2F model [13] .
In the low-Re number model, the turbulent viscosity is computed from
where C μ is a constant, ρ is the fluid density, k is the kinetic energy of turbulence, ε is its rate of dissipation and f is a damping function. In the standard low-Re number model, this function is given by 0.0198Re
where Re y y k v = y is the normal distance to the wall, and ν is the kinematic viscosity. Suga's low-Re number model also uses an exponential damping function but of a different form than Eq. (104).
In Reference 4, the experimental measurements are presented as a plot of the logarithm of the Nusselt number versus the logarithm of the Rayleigh number. As shown in Table 3 , (a) the predictions of the standard and Suga's low-Re models are very close to those obtained by treating the flow as laminar, and (b) although the discrepancy between the predicted and experimental logarithmic value of the Nusselt number is not large, the discrepancy between measured and predicted heat transfer is large. The predictions of the V2F model are also significantly off. An analysis of the velocity and turbulent viscosity distributions predicted by the RANS models shows that in the near-wall layer where the velocity values are of significant magnitude, the turbulent viscosity, and subsequently the turbulent conductivity, are nearly equal to zero. This indicates that the damping function f over-dampens the turbulence in the near-wall layer that is of significance for convection (velocities of significant magnitude). To reduce damping of turbulence in the near-wall region, a modified damping function was defined as
As Table 1 shows, this modified function gives predictions that are in a very good agreement with the experimental measurements. Analyses of the predicted kinetic energy of turbulence and of the turbulent viscosity also confirm a reduced damping of turbulence in the near-wall region. The results of this work are also in agreement with the results of Ref. 9 , which showed that the standard low-Re number model predicts correctly the shape of the heat transfer coefficient in a buoyant flow in a vertical tube, but underpredicts its magnitude. The validity of the actual form (which may be different than that of Eq. (105) of the modified damping function for buoyant flows needs to be extensively tested with additional experimental data, including that used in [14] .
In conclusion, this work shows that for the natural convection flows analyzed here: (a) the heat transfer predictions of the RANS models are significantly off, (b) the damping function used in the low-Re number models over-dampens the turbulence in the near-wall region, and (c) for the flows analyzed here, a modified damping function used with the low-Re number model drastically improves the predictions.
Scaling Recommendations
A scaling analysis of a water-cooled RCCS system was performed based on generic information on the RCCS design of PBMR. The analysis demonstrates that the watercooled RCCS can be simulated at the ANL NSTF facility at a prototypic scale in the lateral direction and about half scale in the vertical direction. Because, by necessity, the scaling is based on a number of approximations, and because no analytical information is available on the performance of a reference water-cooled RCCS, the scaling analysis presented here needs to be "validated" by analysis of the steady state and transient performance of a reference water-cooled RCCS design. The analysis of the RCCS performance by CFD and system codes presents a number of challenges including: strong 3-D effects in the cavity and the RCCS tubes; simulation of turbulence in flows characterized by natural circulation, high Rayleigh numbers and low Reynolds numbers; validity of heat transfer correlations for system codes for heat transfer in the cavity and the annulus of the RCCS tubes; the potential of nucleate boiling in the tubes; water flashing in the upper section of the RCCS return line (during limiting transient); and twophase flow phenomena in the water tanks. The limited simulation of heat transfer in cavities presented in Section 4.0 strongly underscores the need of experimental work to validate CFD codes, and heat transfer correlations for system codes, and to support the analysis and design of the RCCS.
RCCS Scaled Experimental Simulation
The previous sections have provided the technical basis for properly scaled tests within NSTF to provide water-based RCCS performance data for code verification and validation under both normal and off-normal (i.e., passive) operating conditions. The purpose of this section is to provide a high-level description of the experiment approach for meeting these data needs. To that end, the technical requirements for the facility are described first. This is followed by a summary description of the overall mechanical, instrumentation, and operational approaches for satisfying these requirements. A more detailed facility/test plan for the water-based RCCS test facility is provided in [14] .
Requirements for Water-Based RCCS Test Facility
As noted previously, although a specific design has not yet been selected for the VHTR, the PBMR water-based RCCS is used as a planning basis for the purposes of this study since that design is mature enough that an appropriately scaled experiment can be developed. Approximate characteristics of this system are summarized in Table 4 , while generic system features were shown previously in Fig. 4 . The prototype consists of a series of oval standpipes surrounding the reactor vessel to provide cooling of the reactor cavity during both normal and off-normal operating conditions. The standpipes are headered in groups of four to water supply tanks that are situated well above the reactor vessel to facilitate natural convection cooling during loss of forced flow sequences. During normal operations, the water is pumped through a closed circuit that includes the standpipes that extract heat from the reactor cavity, and dump the heat in a sink that is located outside the containment. The oval standpipes are roughly 25 cm x 50 cm, and are in the range of 20 m high. The overall height of the system (which is distance form the bottom of the standpipes to the top of the header tanks) is ~ 40 m.
During off-normal (passive) system operations, forced convection water cooling in the RCCS is lost. In this case, water is passively drawn from an open line located at the bottom of each header tank. Again, the particulars are design-dependent, but for the PBMR system this line is orificed so that flow bypass during normal operations is small, yet the line is large enough to provide adequate flow during passive operations to remove decay heat while maintaining acceptable fuel temperatures. In the passive operating mode, water flows by natural convection from the supply tank to the standpipes, and returns through the normal pathway to the top of the tanks. After the water reaches saturation and boiling commences, steam will pass through the top of the tanks and vent to the atmosphere.
The system described above defines the key physical elements to be included within the test facility so that system behavior during both normal and passive operational modes can be reasonably simulated. As described later in this section, NSTF can accommodate up to three water standpipes with full scale cross-section. For systems that rely on natural convection, similitude between the experiment and prototype can rarely be achieved unless the scale of the experiment is selected to match the prototype. On this basis, the cross-sectional scale of the experiment is selected to be nominally 1:1 with respect to the PBMR system. Given the overall available height within the NSTF high bay of ~ 16 m, then the vertical scaling of the facility is selected be ~ ½. As deduced as part of the scaling analysis, a system that is full scale in cross section and ½ scale vertically can best achieve similitude with the prototype if the heat flux delivered to the standpipes is ~ 40 % in excess of the prototype. Thus, this is the approach that is adopted for the NSTF waterbased RCCS experiment design; namely, fabricate a full-scale cross-section, ½ scale vertical facility that reasonably replicates the overall physical structure of the prototype (PBMR) RCCS. Overall system characteristics are summarized in Table 4 . Based on the above discussion as well as the supporting analyses that have been conducted as part of this work, high level experiment design requirements for the NSTF were established. These requirements are summarized in Table 5 . The first requirement is to mock up the actual geometry of the RCCS to the greatest extent possible given the physical constraints of the facility. The approach by which this issue is addressed has just been described. The remaining four requirements are data-related. Namely, measurements of the axial and radial temperature and heat flux distributions on the standpipe walls are required. In addition, data on the standpipe interior water temperature distributions are needed. This collection of measurements will provide the necessary data to evaluate heat transfer coefficients not only axially along the standpipe length, but also radially around the extent of the pipe walls. Finally, void fraction measurements are needed in the return piping from the standpipes to the header tank in order to characterize performance during passive system operations for system-level code validation purposes.
This information forms the basis for the facility modification plan that is provided in the next section. Instrument both radially and axially the center standpipe with heat flux meters to provide direct measurements of the heat flux distributions around the pipe at 6 axial elevations.
4 Obtain data on the cavity bulk gas velocity and temperature distributions.
Utilize insertable hot wire anemometers (back-up: pitot tubes) with co-located, radiation-shielded, thermocouples to measure bulk gas velocity and gas temperature distributions at ~ 1 meter axial increments. 
Summary of Modifications to Mock Up Water RCCS
As noted above, the approach for mocking up the water RCCS geometry is to try to match the prototype geometry to the greatest extent possible given the facility size constraints. This is accomplished by installing three water standpipes of prototypic cross-section, wall thickness, and pitch in the heated section of NSTF. The standpipe fabrication details are shown in Fig. 5 , while the pipe mounting and headering approaches are illustrated in plan view in Figs. 6 and 7. The overall tube length is 8.1 m, which provides sufficient length to mechanically attach the standpipes at the top of the heated portion of the facility, pass through the entire 6.7 m long heated test section length, and penetrate through the bottom of the base support weldment with sufficient clearance to mechanically support the pipes and provide feed throughs for internal instrumentation. As shown in Fig. 7 , the top flange of the upper heated section will be modified to receive a support stand for the three standpipes. In addition, the test section support framework will be modified to allow the heated cavity width to be incrementally increased from the current width of 30 cm up to 103 cm. This approach will allow flexibility to accommodate different RCCS air-or water-based designs should the need arise. Furthermore, this would also provide for the possibility to conduct large, open cavity natural convection experiments at Rayleigh numbers that have not been addressed in the literature. Manifold is fed from the chiller for normal mode, and from the header tank for passive mode.
Return manifold leading to the header tank for both normal and passive operational modes. The standpipes will be suspended (hung) from the test section support plate. The support plate also seals off the available space exterior to the standpipes, thereby providing a stagnant air environment that is consistent with the PBMR design. An alignment plate will be used to ensure proper positioning of the standpipes within the opening at the lower heated section inlet. The alignment plate also seals off the bottom of the section to produce the proper boundary condition for the RCCS piping enclosure. The alignment plate will not be rigidly attached to the pipes, so that tube thermal expansion can be accommodated (< 2 cm) during the tests.
The 6.7 m long heated length of the test section is broken down into 10 equally spaced zones. The power control system will consist of 10 independent control units, one for each of the axial heating zone segments. Each zone can be operated in either temperature or heat flux control modes, so that a wide variety of boundary conditions can be applied during the tests.
In terms of instrumentation, the approach for satisfying key RCCS data needs is summarized in Table 5 . As is evident from the table, one of the most important requirements is to obtain data on the standpipe and cavity wall axial and radial temperature distributions under prototypic flow conditions. Both the heated and unheated cavity walls of the test section are already highly instrumented to measure surface temperature distributions. By virtue of the heater power control system, the heat flux distribution on the heated wall will also be known. Finally, the test section is heavily insulated, so the unheated channel wall will essentially be adiabatic.
Aside from the channel walls, accurate knowledge of the RCCS standpipe surface temperature distributions is equally important, since this information feeds directly into the evaluation of the local heat transfer coefficients, which is key information for code verification and validation. As shown in Fig. 8 , the central standpipe will be extensively instrumented to measure both the inner and outer surface temperatures on surfaces facing both the heated and unheated channel walls. In addition, multi-junction thermocouple assemblies are used to measure axial water temperature distributions in both the downcomer and annular return regions of the standpipe. Furthermore, heat flux meters will be installed to provide local measurements of heat flux through the pipe walls. This information, in conjunction with surface and bulk water temperature measurements, will provide the necessary information for evaluating radial and axial heat transfer coefficient variations within the standpipe. As shown in Table 4 , the fourth data requirement is to obtain data on the nature and extent of voiding within the return piping run from the standpipes to the header tank. Differential pressure measurements will be taken at various locations along the pipe in order to estimate local void fractions using well-known techniques. Finally, the onset and extent of boiling within the system is influenced by the local saturation temperature. Given that the system is ~ ½ scale in height, then the saturation temperature in the standpipes may be reduced by as much as 20 ˚C due to the differences in hydrostatic head between the experiment and prototype. On this basis, the system also includes a pressure regulator valve on the outlet to the header tank so that the system pressure can be raised to achieve prototypic absolute pressure within the standpipes if the need arises.
p p TOP VIEW OF PRINCIPAL INSTRUMENT LOCATIONS FOR CENTER STANDPIPE H E A T E D W A L L U N H E A T E D W A L L (S E T B A C K N O T T O S C
Aside from these instruments that are intended to provide detailed data on the heat transfer behavior within the RCCS standpipes and surrounding structure, other instruments will be provided in order to measure overall system performance and perform heat balances to verify that the system and equipment are functioning properly. For tests 
PRESSURE REGULATION that are intended to investigate system performance under normal forced flow conditions, thermocouples (i.e., RTDs) will be used to measure temperature rise across the standpipes, and temperature loss across the chiller that serves as the ultimate heat sink. Key instrument locations and system setup for the normal operating mode tests are shown in Fig. 9 . Overall water flowrate through the system, as well as flowrate through each individual standpipe, will be measured. This information, as well as the input power to the heaters and the temperature changes measured across the standpipes and chiller, will allow energy balance checks to be performed, and to evaluate overall system thermodynamic performance.
Fig. 9. System Setup for Normal Operations Tests
Instrument locations and system setup for the passive mode tests are shown in Fig. 9 . As is evident, for these tests the chiller is isolated and the water supply flowpath is through the orificed supply line located at the bottom of the header tank to the standpipes, whereas the return line is the same as that used for normal operations. In this case, basically all the same measurements will be made as for the full power case, but data gathering will be augmented by collecting and condensing steam that passes through the header tank after saturated conditions are reached, and void fraction distribution along the return line will also be determined. This additional information will help quantify system performance during passive system operation, and augment the database for code validation. 
